The first dose of live attenuated measles-containing vaccines is associated with an increased risk of febrile seizures 7 to 10 days following immunization among 12-to 23-month-old children. The combination measles, mumps, rubella, and varicella vaccine is associated with a 2-fold increased risk of febrile seizures 7 to 10 days following immunization compared with the separately administered measles, mumps, and rubella and varicella vaccines. It is unknown whether the magnitude of these increased risks depends on age at immunization.
Measles-containing vaccines are recommended as a 2-dose series in the United States, with the first dose administered at 12 to 15 months and the second dose at 4 to 6 years of age. Most children in the United States receive their first dose of a measles-containing vaccine between the ages of 12 and 23 months; approximately 85% of them receive this dose by 19 months of age. 2, 3 Monitoring the safety of measles-containing vaccines remains an important public health issue. Previous studies have shown that these vaccines administered to children 12 to 23 months of age are associated with an increased risk of fever and febrile seizures 1 to 2 weeks following immunization [4] [5] [6] [7] [8] [9] ; however, the exact nature of the relationship between fever and febrile seizures is not entirely understood. It is thought that, during this period, the vaccine virus replication is at its peak and can cause fever, which may in turn induce a seizure event by exceeding a certain threshold. 10 Postlicensure studies have found that the safety profile of MMRV differs somewhat from that of the separately administered MMR and varicella (MMR+V) vaccines. 4, 7 Among children 12 to 23 months of age, MMRV is associated with a 2-fold increase in the risk of febrile seizures 1 to 2 weeks following immunization compared with MMR+V. The background risk of febrile seizures is not constant during the second year of life, reaching its highest level at approximately 16 to 18 months of age. [11] [12] [13] [14] [15] It is important to examine the safety of measles-containing vaccines administered at different ages during the second year of life. Currently, it is not known whether the magnitude of increased risk of fever and seizures following immunization with measles-containing vaccines depends on age. The separate examination of fever and seizures could potentially shed light on the underlying immunologic and/or neurologic mechanisms leading to the occurrence of these events following immunization. Using data from the Centers for Disease Control and Prevention-sponsored Vaccine Safety Datalink (VSD), we sought to examine the effect of age at immunization on the increased risk of fever and seizures after measles-containing vaccines among children 12 to 23 months of age. We evaluated the potential modifying effect of age on the risk of fever and seizures following immunization with (1) any measles-containing vaccines and (2) MMRV compared with MMR administered with or without varicella vaccine (MMR±V). Our hypothesis was that the increased risk of postimmunization fever and seizures following a delayed administration of measles-containing vaccines is greater than that following their timely administration.
Methods

Study Population
The study was approved by the institutional review boards of all the participating sites. Vaccine Safety Datalink is a collaborative effort between the Centers for Disease Control and Prevention and 10 managed care organizations comprising data on more than 9 million members annually. [16] [17] [18] [19] As the backbone of active surveillance for vaccine safety in the United States, VSD monitors prespecified potential adverse events following immunization using several methods, including a near-real-time system known as rapid cycle analysis. Detailed information on analytic strategies used in rapid cycle analysis can be found elsewhere. 20 For this study, we used data collected through the VSD-conducted MMRV rapid cycle analysis among children 12 to 23 months of age who were members of 1 of the 8 participating VSD sites and had received their measles-containing vaccine between January 2001 and December 2011. For one of the sites, only data from July 2007 through December 2011 were included since the other portion of data had already been used in another related publication.
Outcomes
The 2 prespecified adverse events following immunization examined in this study were fever and seizures. These 2 outcomes were each investigated separately; hereafter throughout this article, fever and seizures refer to these separate adverse events and not a composite or combined outcome. We identified postimmunization medically attended fever events in the outpatient setting by using International Classification of Diseases, Ninth Revision (ICD-9) code 780.6* as previously described. 4, 21 We identified postimmunization medically attended seizure events in the emergency department or hospital setting by using ICD-9 code 780.3* (convulsion) or 345* (epilepsy) as previously described. 4, 21 All electronically identified seizure events were included in the analyses; we did not distinguish between febrile and afebrile seizures. Data from 2001 to 2008 had been previously used for our earlier study that evaluated the risk of febrile seizures following immunization with MMRV 4 ; additional data from 2009 to 2011 were collected for the current study. For both outcomes, we collected data on events during the 42-day postimmunization period to be consistent with earlier studies. 4, 21, 22 Children who had received the corresponding ICD-9 code at any setting during the 42 days prior to their fever or seizure event were excluded to minimize the likelihood of including follow-up visits in the analyses.
Statistical Analysis
The age distribution of measles-containing vaccine recipients was described using prespecified categories of 12 to 13, 14 to 15, 16 to 18, and 19 to 23 months according to the study protocol. We conducted 2 main analyses to examine the effect of age on the risk of fever and seizures following immunization with measles-containing vaccines. In these analyses, 2 age groups of 12 to 15 and 16 to 23 months defined a priori in the protocol were used. The rationale for using these 2 age groups was to reflect the current policy recommendation on immunization with measles-containing vaccines and to enhance power to explore effect modification.
Analysis of Fever and Seizures Following Immunization With Any Measles-Containing Vaccines
Using a risk interval analysis, each child's follow-up time was partitioned into risk and control intervals during an observa-tion period of 42 days following immunization with a measlescontaining vaccine. The risk interval for fever and seizures was defined as days 7 to 10 following immunization as previously identified. 4, 23, 24 The remainder of the 42-day observation period (ie, days 0-6 and 11-42) was considered as the control interval. The follow-up time for each child ended with the occurrence of the event or completion of the 42-day period, whichever came first. The incidence of outcome events during the risk interval was calculated and compared with that during the control interval, consistent with the risk-interval analysis. 25 To examine the effect of age at immunization, we compared the relative risk of postimmunization fever and seizures between the age groups of 12 to 15 and 16 to 23 months by adding an age group × exposure status (ie, risk or control interval) interaction term to a Poisson regression model. We additionally compared the attributable risk of fever and seizures between the age groups of 12 to 15 and 16 to 23 months by adding an age group × exposure status interaction term to a binomial regression model with an identity link (to provide estimates of increased risk on an additive scale) and reported the results as number of excess cases of fever and seizures per 10 000 doses. We conducted sensitivity analyses by excluding days 0 and 1, 5 and 6, and 11 and 12 following immunization from the control interval. Days 0 and 1 were excluded from the control interval to minimize any potential confounding effect of concomitantly administered inactivated vaccines in causing fever or seizures on those days 15, 26 ; days 5 and 6 and 11 and 12 were excluded from the control interval to minimize the inclusion of days during which some risk of fever or seizures associated with measles-containing vaccine might still be present.
Analysis of Fever and Seizures by Type of the Measles-Containing Vaccine
Using a cohort analysis, we compared the incidence of fever and seizures during the 7 to 10 days following immunization with MMRV with that following immunization with MMR±V. To examine the effect of age at immunization, we compared the relative risk of fever and seizures between the age groups of 12 to 15 and 16 to 23 months by adding an age group × vaccine type (ie, MMRV or MMR±V) interaction term to a Poisson regression model. We additionally compared the attributable risk of fever and seizures between the age groups of 12 to 15 and 16 to 23 months by adding an age group × vaccine type interaction term to a binomial regression model with an identity link as previously described.
All regression models included variables for sex, respiratory virus season (November-April and May-October), calendar year, and VSD site as potential confounders. Analyses were conducted using SAS version 9.2 (SAS Institute) and Stata (StataCorp).
Results
The study population included 840 348 children 12 to 23 months of age who had received a measles-containing vaccine between January 2001 and December 2011. A total of 428 890 vaccine recipients (51%) were male. Regardless of the age group, most administered vaccines were MMR+V. Regardless of the vaccine type, most vaccines were administered at 12 to 13 months of age. There were 18 403 fever events during the 42 days following immunization with any measlescontaining vaccines; of those, 5919 events (32.2%) occurred during the 7 to 10 days following immunization. There were 1810 seizure events during the 42 days following immunization with any measles-containing vaccines; of those, 519 events (28.7%) occurred during the 7 to 10 days following immunization ( Table 1) .
Analysis of Fever and Seizures Following Immunization With Any Measles-Containing Vaccines
Following immunization with a measles-containing vaccine, the incidence of fever and seizures during days 7 to 10 was significantly greater than during the control interval in all age groups ( Figure 1 ). The observed pattern of incidence of fever during the control interval across the age groups differed from that of seizures. The incidence of fever steadily declined from 12 to 13 to 19 to 23 months of age, while the incidence of seizures was highest among children 16 to 18 months of age. The relative risk of fever and seizures during the 7-to 10-day risk interval (using control interval as the reference) was significantly greater among children 16 to 23 months of age than among children 12 to 15 months of age. The attributable risk of seizures, but not fever, during the 7-to 10-day risk interval, using control interval as the reference, was significantly greater among children 16 to 23 months of age than among children 12 to 15 months of age ( Table 2) . Sensitivity analyses that excluded days 0, 1, 5, 6, 11, and 12 from the control interval did not change the results because the point estimates and confidence intervals materially remained the same (data not shown).
Analysis of Fever and Seizures by the Type of Measles-Containing Vaccine
Consistent with findings in previous studies, the incidence of fever and seizures during the 7 to 10 days following immunization with MMRV was significantly greater than that following immunization with MMR±V ( Figure 2) . The relative risk of fever and seizures during the 7-to 10-day risk interval following immunization with MMRV (using MMR±V as the reference) was not significantly different between children 16 to 23 months of age and those 12 to 15 months of age ( Table 2 ). The attributable risk of seizures during the 7-to 10-day risk interval following immunization with MMRV, using MMR±V as the reference, was greater among children 16 to 23 months of age than among children 12 to 15 months of age; however, the difference did not gain statistical significance (Table 2 ).
Discussion
We found that the magnitude of increased risk of seizures following immunization with measles-containing vaccines during the second year of life depends on age. While measles-containing vaccines administered at 12 to 15 months of age are associated with an increased risk of seizures 7 to 10 days following immunization, their delayed administration at 16 to 23 months of age may result in an even greater increased risk of that adverse event following immunization. The relative risk of fever was significantly greater among children 16 to 23 months of age than among children 12 to 15 months of age; however, no significant difference between the 2 aforementioned age groups in the attributable risk of that adverse event following immunization with measles-containing vaccines was observed. Abbreviations: IRR, incidence rate ratio; MMR, measles, mumps, and rubella vaccine; MMRV, measles, mumps, rubella, and varicella vaccine; V, varicella vaccine. a Per 10 000 doses.
common neurologic adverse events following immunization with measles-containing vaccines. Nonetheless, the increased risk is overall small regardless of age; medically attended febrile seizures following immunization with measlescontaining vaccines are not common events. For instance, it is known that the incidence of postimmunization febrile seizures is several-fold lower than that following natural infection with measles virus. 10 Despite the excellent prognosis, when a child sustains a febrile seizure, negative effects on family members can result; many parents and caregivers consider febrile seizures as frightening events and seek medical attention including a visit to an emergency department. 2 Previous studies have reported that the incidence of febrile seizures among all children 12 to 23 months of age is approximately 10 to 20 cases per 1000 person-years. 11, 12, 14 In our study, the incidence of seizures during the control interval, shown in Figure 1B , was consistent with previously reported agespecific febrile seizures background rates. Similar to previous studies that found the background risk of febrile seizures to be at its highest level at approximately 16 to 18 months of age, [11] [12] [13] [14] [15] we found that the incidence of seizures reached its peak at around 16 to 18 months of age during the control interval. The attributable risk of postimmunization seizures following any measles-containing vaccines was significantly greater among children 16 to 23 months of age than those 12 to 15 months of age in our study. This was the function of the higher incidence of seizures during the control interval, as well as higher relative risk of seizures, among older children compared with younger children. These findings collectively suggest that the administration of measles-containing vaccines at the age of highest vulnerability to febrile seizures may result in an even greater increased risk of those adverse events following immunization. Different factors may explain the effect of age on the risk of postimmunization fever and seizures observed in this study.
Previous studies have suggested that measles-containing vaccines result in stronger immune responses among children older than 15 months compared with those 12 to 15 months of age. 27, 28 In addition, immunologic responses following immunization with measles-containing vaccines have been shown to be positively correlated with the rate of fever and measleslike rashes among children 12 to 23 months of age. 28 It is conceivable that 16-to 23-month-old children are capable of mounting a more rigorous immunologic response to the measles component of these vaccines than 12-to 15-monthold children, resulting in their being susceptible to an even greater increased risk of febrile seizures 7 to 10 days following immunization. Alternative explanations for our findings may include differential underlying medical conditions or health-seeking behaviors between children who received their immunization on a timely basis and those who received it with a delay. Specifically, parents of children susceptible to seizures might have delayed receipt of a vaccine known to cause seizures; such children might have also been more likely to develop seizures following the receipt of these vaccines. We did not evaluate the potential contribution of such differences between younger and older children to our findings in this study. We found no evidence that the 2-fold increased risk of seizures 7 to 10 days following immunization with MMRV compared with MMR±V is modified by age. However, the attributable risk of seizures 7 to 10 days following immunization with MMRV, using MMR±V as the reference, was not the same across the age groups; there appeared to be a greater number of excess seizure cases per 10 000 doses among 16-to 23-monthold children compared with 12-to 15-month-old children. This observed difference was a reflection of the variation by age in the incidence of seizures 7 to 10 days following immunization with MMR±V. Therefore, the same 2-fold increased risk following immunization with MMRV resulted in different numbers of excess cases per 10 000 doses across the age groups.
This study was subject to potential limitations. We exclusively used ICD-9 codes for the identification of fever events, and also seizures without a distinction between febrile and afebrile events, because of the large number of outcomes that would have made medical record reviews cost prohibitive. All to believe that the risk of afebrile seizures varies in relation to the time since immunization with measles-containing vaccines; therefore, it is unlikely that potential inclusion of a relatively small number of afebrile seizure events could explain the observed differences. We did not examine health care encounters for the evidence of fever-inducing illnesses that could have potentially served as time-varying confounders. However, we do not believe that such illnesses had preferentially occurred within the risk interval of interest as opposed to other periods following immunization in this study. We did not include information on concomitantly administered vaccines in our analyses. However, results of our previous study found that the receipt of concomitant vaccines was not a significant predictor of seizures. 4 Furthermore, our sensitivity analysis in the current study that excluded days 0 and 1 from the control interval in an attempt to remove any potential effect of concomitantly administered vaccines in causing fever or seizures during those days did not materially change the results. The findings of this large study provide new insights into the effect of age on the risk of fever and seizures following immunization with measles-containing vaccines in the second year of life. Previously, Vestergaard et al 8 sought to determine subgroups of children who were particularly susceptible to developing febrile seizures following immunization with MMR. They assessed the potential modifying effect of several characteristics, but not age, among all children born in Denmark from 1991 through 1998. We were able to assess the effect of age since children in our study had received their vaccines at varying ages during the second year of life. Vaccines are typically recommended at an age that maximizes the likelihood of vaccine-induced protection and minimizes the risk of morbidity and mortality that would occur by delaying immunization. 10, 27 The safety profile of vaccines at different ages is another important consideration in immunization policy decision making. Our findings are of direct relevance to the recommended childhood immunization schedule; they support the timely immunization of children with the first dose of measles-containing vaccines in accordance with current recommendations.
